SUMMARY We examined the effects of changes in the extracellular concentrations of Na, K, and Ca ions on the steady state pressure-discharge relationships of individual baroreceptors, using an in vitro aortic arch-aortic nerve preparation. We determined the concentration-response relationships for each of the three cations, as well as for the combined effects of changes in Ca ]o-Measurements of static volume, diameter, and distensibility showed no significant changes in the vessel wall during these changes so that, for equivalent strains, nervous discharge was clearly altered. Hence, the main actions are likely to be on the receptor and its axon rather than on the smooth muscle of the vessel wall, although local mechanical effects cannot be excluded completely. The results were interpreted by applying the electrophyeiological theory of nerve membranes. These effects of extracellular ions on baroreceptors may have particular significance due to the special role of the baroreceptors in regulatory reflexes. Cirt Res 435:757-763, 1979 TRANSDUCTION of arterial pressure to action potentials is performed by the excitable membranes of baroreceptors. It is no great surprise therefore that baroreceptors share with many other excitable tissues a sensitivity to changes in extracellular ion concentrations Hunt et al., 1978) . However, baroreceptor sensitivity has special significance due to the regulatory effects baroreceptors exert on a wide range of body functions, including heart rate, blood pressure, fluid volume, and electrolytes (Kunze et al., 1977; Kunze and Brown, 1978a) . In our initial studies, we demonstrated some of the effects of changes in concentration of two important extracellular cations, Na + and K + . The current studies are more quantitative and examine the concentration-response relationships for these ions. In addition, information on another important extracellular cation, Ca 2+ , is presented. Combined actions among the three cations also are described. Anion effects have not been studied since the substitution of impermeant anions such as isethionate for Cl~ had no effect on baroreceptors (Saum et al., and Brown, 1978; Kunze, in press).
Individual and Combined Actions of
]o-Measurements of static volume, diameter, and distensibility showed no significant changes in the vessel wall during these changes so that, for equivalent strains, nervous discharge was clearly altered. Hence, the main actions are likely to be on the receptor and its axon rather than on the smooth muscle of the vessel wall, although local mechanical effects cannot be excluded completely. The results were interpreted by applying the electrophyeiological theory of nerve membranes. These effects of extracellular ions on baroreceptors may have particular significance due to the special role of the baroreceptors in regulatory reflexes. Cirt Res 435:757-763, 1979 TRANSDUCTION of arterial pressure to action potentials is performed by the excitable membranes of baroreceptors. It is no great surprise therefore that baroreceptors share with many other excitable tissues a sensitivity to changes in extracellular ion concentrations Hunt et al., 1978) . However, baroreceptor sensitivity has special significance due to the regulatory effects baroreceptors exert on a wide range of body functions, including heart rate, blood pressure, fluid volume, and electrolytes (Kunze et al., 1977; Kunze and Brown, 1978a) . In our initial studies, we demonstrated some of the effects of changes in concentration of two important extracellular cations, Na + and K + . The current studies are more quantitative and examine the concentration-response relationships for these ions. In addition, information on another important extracellular cation, Ca 2+ , is presented. Combined actions among the three cations also are described. Anion effects have not been studied since the substitution of impermeant anions such as isethionate for Cl~ had no effect on baroreceptors . The results assume added significance because of Kunze's recent investigation of the effects of Ca 2+ and Mg 2 " 1 " on baroreceptor reflexes (Kunze and Brown, 1978; Kunze, in press ).
Methods
Male normotensive rats of the Wistar-Kyoto strain, 4-6 months of age and weighing 250-350 g, were used. Recording and stimulation methods for the in vitro aortic arch-aortic nerve preparation have been described previously (Brown et al., 1976; Brown et al., 1978) . Briefly, metal cannulas were placed in the innominate artery and descending aorta and ligatures were placed on the ascending aorta, left common carotid, and left subclavian arteries. The excised aortic segment and left depressor nerve then were placed in a perfusion chamber and fixed at an in situ length that approximated closely the in vivo situation. Only regularly discharging single unit fibers from the aortic nerve were studied.
Slow ramps of pressure (1-5 mm Hg/sec) were used for baroreceptor stimulation when comparing the effects of various ions. These ramps allowed for a more precise determination of threshold because of their continuous nature and also were slow enough to evoke steady state responses identical to those obtained in the steady state over most of the pressures examined . This equivalency was checked by using pressure staircases during each experimental run. VOL. 45, No. 6, DECEMBER 1979 The compositions of control and experimental solutions are shown in Table 1 . Osmolarity was maintained in all solutions at 290 mOsmol/kg except for Vi and !£ Na + in which it was 300 mOsmol/ kg. All solutions were at 37°C, pH 7.45, and were constantly gassed with 95% O 2 and 5% CO 2 .
Solution changes were accomplished by flowing each solution through the lumen of the aorta at a rate of 2-3 ml/min for 3 minutes, allowing for at least 10 complete exchanges of the luminal volume. Recovery periods in control solutions were generally 10 minutes. Test solutions were preceded and followed by trials in control solutions. In addition to threshold pressure (P-m) and threshold frequency (F-m), the suprathreshold gain or sensitivity (Srh) was measured for each baroreceptor. This index of baroreceptor sensitivity was obtained by a linear least-squares fit of the data points from the first 20-30 mm Hg above threshold of the pressure-discharge curve for each receptor. P-m, Fn,, and S-rh were compared between control and test solutions using paired f-tests.
Aortic diameter was measured in the region innervated by the aortic nerve as previously described (Andresen et al., 1978) to assess the effects of ionic changes on static vessel wall properties.
Results

Steady State Responses during Ramp
Stimulation
Ramps of pressure when sufficiently slow (1-5 mm Hg/sec) elicit adapted baroreceptor discharge responses that are equivalent over most of their range to the steady state discharge produced by pressure staircase inputs. Figure 1 shows an example of the responses of a single unit to both a staircase of pressures and a slow ramp through the same pressure range. The pressure-instantaneous frequency plots for the steady state staircase response and the ramp response show that the initial portions of the relationships, including the steady state threshold, are identical (Fig. IB) . Hence, the instantaneous discharge rates during slow ramp stimulation were considered steady state firing frequencies, Fuutt. At the highest pressures, the adapted discharge rate for the staircase falls below the spike frequency at the same pressures with ramp stimulation as previously reported . Slow ramps were used to measure threshold because their continuous nature allowed a more accurate assessment of threshold. The sensitivity or gain of the pressure-spike frequency relationship near threshold also was determined from ramp responses. ]o (n = 4). After removal of three-quarters of extracellular Na + , responsiveness in most fibers was depressed quickly, but measurements were possible in three cases and P-n, increased by 40%. These studies demonstrate in a way not shown previously ) that lowering extracellular [Na + ] produces a monotonic increase in pressure threshold. The effects of small increases in [Na + ]o also were examined but, as noted previously, the results were inconsistent. The spike frequency at threshold was highly variable from fiber to fiber and did not appear to be affected in any particular manner. Figure 2B illustrates that changes in ]o significantly reduces P-n, by 9.3% (P < 0.01). The effects on six individual barorecep- ] 0 significantly increased P-n, by 8.1% (P < 0.01, Fig. 4 and Table 2 ), but Si-h was not changed significantly (Table 2 ). Increasing [Ca 2+ ]o to 4 times normal further increased P-n, to 14.2% above control (P < 0.001) while depressing Srh by 40% (P < 0.001, Fig. 4 ]o solution. In several other segments, less extensive changes were tested. We observed no changes in these static curves within the range of concentrations used for the receptor studies.
Effects of Changes in [Na
To assess further the influence of smooth muscle on the baroreceptors in our aortic arch preparation, norepinephrine (NE) in concentrations of 5 X 10~7 to 10~5 M was perfused through the aorta. No significant changes in P-m or S-m were detected (n = 14). Static stress-strain curves during equivalent NE perfusions also showed no significant changes.
Theoretical Results
The actions of ions upon baroreceptor discharge have been interpreted, using conventional membrane electrophysiological theory based on an equivalent electrical circuit with batteries and con- (Fig. 4A ), but a reduction in S-n, persists (Fig. 5) .
Receptors in double [K + ]o solutions often became spontaneously active even at very low pressure, and such fibers were not studied further. If [Ca 2+ ]o is increased 4-fold in the presence of double [K + ]o, Pn, is now increased above control levels (Fig. 4) , and S-rh is profoundly (40%) depressed (Fig. 5) . The combined effects on P-m as shown in Figure 4A were examined, using Eadie-Hofstee plots to determine if the three cations might interact with a common membrane site. However, these plots retained their curvature and do not project to a common point on the ordinate (Fig. 4B) . ductances for Na + and K + underlying the resting and generator potentials . Conductance for Cl~ can be ignored since substitution of impermeant anions for Cl" has no effect on baroreceptor pressure-discharge curves . This approach yielded an expression describing the discharge curves of baroreceptors at suprathreshold pressures and predicted the appropriate shifts in these curves with changes in [Na + ] and [K + ]. In view of the linear relationship between pressure and circumferential wall strain over the range of pressures near threshold (Fig. 5 of Andresen et al., 1978) , this expression (Equation 6 of Saum et al., 1977) can be linearized to:
Effects of Changes in [Na
Aa(E N . -E K )(e -em) + (1) where F-n, is the steady state threshold discharge, e is circumferential strain, en, is threshold circumferential strain, E Na and E K are the Nernst equilibrium potentials for Na + and K + (Na and K batteries in the model), and A3 is a proportionality constant. The theoretical results are within 5% of the experimental results for e-n, changes produced by changes in [Na + ] 0 and [K + ] o and are within 9% of the experimental results for changes in Sn, (Fig. 6) ]o lowered PIT, and lowered STH-These effects of changes in ion concentration may be attributed to actions on electrically excitable structures involved in baroreceptor discharge. The two most likely structures are the baroreceptors themselves and the smooth muscle in the aortic wall. Changes in smooth muscle tone resulting from altered membrane currents might distort the receptors and should also reduce wall distensibility, as we shall discuss subsequently. We do not favor a significant action on smooth muscle for the following reasons. Increases in [Ca 2+ ]o or [K + ] o should act to increase smooth muscle tone; yet, in the case of Ca 2+ , P-rh was increased; for K + , P-p, was reduced. Furthermore, in neither case were there any changes in vessel diameter (or volume, since length was fixed, Andresen et al., 1978) or in wall stiffness. Aortic arch smooth muscle is of the spannmuskelm type (Bader, 1963) so that diameter or volume changes resulting from increases in tone may not be expected (Dobrin, 1978) and, as noted, a reduction in wall distensibility also was not observed. To compare further altered vessel wall properties and altered baroreceptor discharge, the effects of NE were examined, since the actions of NE should be mediated by enhanced smooth muscle activity. There were no alterations in either receptor properties, P-n, and S-rh, or vessel wall properties. However, at much higher concentrations (10~3 M, Thoren et al., 1977) , threshold was reduced in irregularly discharging nonmyelinated fibers and the wall also was less distensible (Andresen and Brown, unpublished observations) . Presumably, receptors arranged in parallel would have a higher threshold (Landgren, 1952) . Hence, NE actions that alter baroreceptor discharge are associated with a measurable change in wall distensibility, whereas the actions of changes in ion concentration on baroreceptors reported presently are not.
It is also possible that changes in ion concentration might affect the tissue that couples the baroreceptors to the vessel wall. The coupling material consists of processes which extend from the naked portion of the baroreceptor to the basal lamina (Krauhs, 1979) . The composition of the processes is unknown, but they are not membrane bound so that an action upon excitable membrane tissue is excluded.
Thus, by a process of elimination, the present results are attributable to actions of ions upon the receptor and its axon and have been interpreted in a qualitative sense, using membrane electrophysiological theory. Note, however, that it can always be argued that causal local mechanical changes were not detected by our methods of measuring wall properties. Frankenhaeuser and Hodgkin (1957) . The model that is described in more detail by Saum et aL, (1977) gave reasonable quantitative agreement for changes in P-rh but not for some changes in S-n,. The main discrepancies were in the high [K + ]o solutions with or without altered [Ca 2+ ]o, in which an increase rather than a decrease in Sm might have been predicted. However, decreases in S-m could have been produced by K + -induced depolarization and inactivation of the spike-initiating zone or by a simultaneous change in A3 in addition to the decrease in EK. Unfortunately, these possibilities cannot be tested because the receptor membrane and spike-initiating zones cannot be isolated. For similar reasons, it is impossible to establish the predominant locus for individual actions of ions or for combined actions. It is unlikely that changes in [Na + ] 0 affect axonal transmission directly because of the large safety factor in impulse propagation. Hence, the Na + effects are limited to the receptor membrane and/or spikeinitiating zone. K + and Ca 2+ , in addition to acting at these two sites, also could act directly on the axon. The relationships of Figure 4 suggest that Ca 2+ and Na + and/or K + do not interact at a single locus, hi any event, from a functional point of view, all three sites are likely to be exposed to changes in ionic activities. (Brown, 1978) , it is not a simple matter to surmise the nature of the reflex changes, because changes in extracellular cation concentrations will affect all three components of *he baroreceptor reflex arc: baroreceptors, CNS neurons, and target organs. Moreover, it is likely that other cardiovascular mechanoreceptors, such as the cardiopulmonary receptors, will be affected. In those instances in which ionic changes are localized, for example in myocardial ischemia, the reflex effects will be simpler to predict because they will be confined to effects upon the receptors alone (Brown, 1978) .
The results reported here for the effects of Na + and Ca 2+ on single aortic baroreceptors agree well with the reported effects on baroreflexes of the perfused isolated carotid sinus (Kunze, unpublished observation) . The magnitude of the P-n, changes observed in this study of regularly discharging baroreceptors ( Fig. 4A ) was about one-half the threshold changes observed for carotid sinus reflexes (Kunze, unpublished observation) . The changes in suprathreshold sensitivity produced by changes in ion concentration were on the average greater for the pressure-response curves of individual baroreceptors (Fig. 5 ) than for the Blutdruckcharakteristik curves of carotid sinus reflexes (Kunze, unpublished observation) . At least two possible explanations exist. First, in the individual aortic baroreceptor studies, we selected only regularly discharging fibers. Since this discharge pattern is found in most myelinated, and in only a small proportion of unmyelinated, aortic baroreceptors (Brown et al., 1976; Thoren et al., 1977) , we excluded a portion of fibers which might be more sensitive to changes in ion concentration. The reflex studies sample the whole population of receptors so that the methodological differences referred to easily could be responsible. Irregularly discharging aortic baroreceptors with unmyelinated axons are being tested currently. Another possible explanation is that there are differences in ionic sensitivity between carotid sinus and aortic baroreceptors. Differences in pressure sensitivity between the two groups have been reported (Donald and Edis, 1971) .
